Peripheral resolution acuity for achromatic gratings is known to be limited by the density of the underlying ganglion cell sampling array. After confirming isolation of the short-wavelength sensitive (SWS) system using chromatic adaptation methods, we wished to determine if resolution is limited by blue/yellow ganglion cell sampling (evidenced by a superiority of detection over resolution acuity and the perception of aliasing) and thus directly related to SWS-driven ganglion cell density. We measured detection and resolution acuity between 0°and 35°, using blue sinusoidal gratings superimposed on a yellow adapting background which ranged in intensity from 2.5 to 4.7 log Trolands. At all locations, a break could be observed in the acuity vs. illumination curves followed by a plateau. Detection and resolution acuity were the same for low background intensities, but resolution acuity was lower than detection at higher intensities, accompanied by observations of chromatic aliasing. SWS resolution is sampling-limited across the retina and agrees well with predicted performance based on anatomical estimates of small bistratified ganglion cell density. Ó
Introduction
Under normal, achromatic viewing conditions in the fovea, spatial frequencies higher than the resolution limit of the retinal sampling mosaic do not pass through the optics of the eye (Campbell & Green, 1965; Campbell & Gubisch, 1966) . This means that, under normal foveal viewing conditions, any spatial frequency that can be detected can also be simultaneously resolved. Resolution acuity (as well as detection acuity) is therefore described as being optically or contrast limited. In the periphery the situation is very different. The optics of the eye deteriorate peripherally (Ferree, Rand, & Hardy, 1931; Jennings & Charman, 1978 Lotmar & Lotmar, 1974; Millodot & Lamont, 1974; Rempt, Hoogerheide, & Hoogenboom, 1971) but there is evidence that the sampling density of the retina deteriorates at a faster rate (Green, 1970; Millodot, Johnson, Lamont, & Leibowitz, 1975; Williams, Artal, Navarro, McMahon, & Brainard, 1996) such that, beyond 5°eccentricity, it is possible for an observer to detect contrast in a stimulus of high spatial frequency but be unable to correctly resolve its features. This results in a superiority of detection acuity over resolution acuity and in subjective observations of aliasing in peripheral viewing experiments where, due to undersampling by the neural sampling array, a grating of high spatial frequency and specific orientation often appears as one of lower spatial frequency with a different orientation (Anderson & Hess, 1990; Smith & Cass, 1987; Williams, 1985a,b) . Resolution in this case is thus described as sampling limited. using an interferometer to bypass the eye's optics, concluded that grating resolution in the peripheral retina was limited by the spacing of the coarsest array in the sampling sequence, the retinal ganglion cells. In particular, the minimum angle of resolution (MAR) is directly proportional to the spacing of the responding ganglion cells, which for achromatic gratings they proposed were the midget cells. This means that measurements of grating resolution acuity in Vision Research 42 (2002) [981] [982] [983] [984] [985] [986] [987] [988] [989] [990] www.elsevier.com/locate/visres peripheral vision can potentially give direct estimates of the underlying responding ganglion cell density, and subsequent studies of peripheral grating resolution employing computer-generated stimuli (Anderson, 1996a; Anderson, Wilkinson, & Thibos, 1992; Anderson & Hess, 1990; Anderson, Mullen, & Hess, 1991) display good qualitative and quantitative agreement with predicted measurements of acuity based on the anatomical studies of localised ganglion cell density (Curcio & Allen, 1990; Dacey, 1993b Dacey, , 1994 . In addition, because of its sampling-limited nature, achromatic grating resolution is little affected by optical defocus (Anderson, 1996b; Wang, Thibos, & Bradley, 1997) . This knowledge has important implications for the detection and monitoring of eye conditions, which cause death, or dysfunction of retinal ganglion cells, e.g. glaucoma.
Under photopic conditions, resolution of high contrast, stationary, polychromatic gratings in peripheral vision is predominantly mediated by the midget class of ganglion cells (Dacey, 1994; which closely corresponds to the cell type which projects to the parvocellular layers of the lateral geniculate nucleus (P cells). These cells display predominantly red-green opponent responses, and measurements of resolution using polychromatic gratings provide direct estimates of the total midget cell population at any location. We wanted to determine what are the limiting factors for short-wavelength sensitive (SWS) acuity at different retinal locations: is resolution of the SWS system sampling limited in the periphery, in the same way as achromatic acuity? The sparse population of SWS-driven ganglion cells, believed to correspond to the small bistratified ganglion cells (Dacey, 1993a (Dacey, , 1994 Dacey & Lee, 1994) , might reasonably be expected to display sampling-limited performance, but this cannot be taken for granted. If the receptive field size is large compared to their spacing, receptive field overlap may eliminate the possibility of aliasing and thus performance will be limited by neural summation in the receptive fields.
A method of reliably estimating blue/yellow ganglion cell density may also provide further useful information about damage mechanisms in clinical conditions such as glaucoma, which are suspected of selectively damaging the short-wavelength system (Heron, Adams, & Husted, 1987; Johnson, Adams, Casson, & Brandt, 1993; Sample, Boynton, & Weinreb, 1988) .
In order to measure the resolution of a different ganglion cell subset such as the SWS-driven cells, it is necessary to modify the stimulus so that it only elicits a response from this sub-population. Numerous previous studies have attempted to psychophysically isolate the SWS visual system in order to measure either its sensitivity (Cavonius & Estevez, 1975; Kelly, 1973; Volbrecht, Shrago, Schefrin, & Werner, 2000; Williams, Macleod, & Hayhoe, 1981; ) or acuity (Greenstein et al., 1996; Hess, Mullen, & Zrenner, 1989; Rabin & Adams, 1990; Swanson, 1989 Swanson, , 1996 Williams, Collier, & Thompson, 1983) and recent evidence that the SWS mechanism is damaged early in diseases like glaucoma (Heron et al., 1987; Sample et al., 1988) has resulted in the development of new clinical tests which try to psychophysically isolate this pathway (Demirel & Johnson, 1996; Johnson et al., 1993; Johnson, Brandt, Khong, & Adams, 1995; Sample, Juang, & Weinreb, 1991; Sample, Taylor, Martinez, Lusky, & Weinreb, 1993; Sample & Weinreb, 1990 . These studies typically employ a bright yellow adapting background to lower the sensitivity of the long wavelength sensitive (LWS) and medium wavelength sensitive (MWS) receptors to such an extent that any short-wavelength stimulus then presented will only exceed the threshold of the SWS receptors. Confirmation of isolation of the SWS system is usually provided by the presence of a 'p À 1 break' in either the contrast threshold versus intensity (tvi) curve (Castano & Sperling, 1982; Sample, Johnson, Haegerstrom-Portnoy, & Adams, 1996) or in the acuity vs. intensity curve (Rabin & Adams, 1990; Swanson, 1989; Wilson, Blake, & Pokorny, 1988) indicating that the intensity of the yellow adapting background has reached the point at which the LWS and MWS cells' sensitivity is reduced enough, so that SWS-driven cells or Stiles' p À 1 chromatic mechanism (Stiles, 1959) begin to mediate stimulus detection. In trying to evaluate previous measurements of SWS-driven acuity which used psychophysical isolation techniques, we could not obtain the relevant information which would relate to the underlying responding ganglion cell density at different retinal locations because either no comparison was made between detection and resolution performance (Rabin & Adams, 1990; Swanson, 1989 Swanson, , 1996 or detection and resolution acuity were compared in the fovea only . The study of Hess et al. (1989) measured detection and resolution acuity at different retinal locations in two blue-cone monochromats and found aliasing out to 10°in one but not the other. By comparing detection and resolution performance, we wished to determine if sampling-limited resolution could be observed at different eccentricities after psychophysical isolation of the SWS-cone pathway. In order to do this it is first of all necessary to ensure that the SWS system is properly isolated. This study, therefore, proposes to address the following questions for which we currently have no answers: (i) how do both detection and resolution acuity for blue/yellow gratings vary with background illumination at different retinal locations; is a 'break' (similar to a p À 1 break) observable? (ii) is resolution performance sampling-limited across the retina in the SWS isolation intensity range, (iii) do the localised SWS resolution values match the predicted values based on available anatomical counts of the small bistratified class of ganglion cells, which displays a strong blue-ON response (Dacey & Lee, 1994) . These SWS resolution values can also be compared to achromatic grating resolution which is known to be limited by midget ganglion cell density.
Methods

Subjects
Acuity measurements were made for three subjects, initially two of the authors (RSA and MBZ, 36 and 51 years of age) who were both experienced psychophysical observers and later one volunteer (NAV, 16 years of age), who was na€ ı ıve to the purposes of the experiment. All subjects were close to emmetropic foveally, with no ocular abnormalities. They had no measurable colour vision deficiencies, as assessed by the Ishihara Test and the City University Colour Test. Before commencing measurements, the subjects were refracted by an experienced optometrist using retinoscopy at 0°, 10°, 20°, 25°and 35°in both the nasal and temporal horizontal retina.
To maintain constant pupil size during all sessions, and permit sufficiently high retinal illumination levels, subjects were dilated using 1% Tropicamide, which resulted in an 8-9 mm pupil, verified before and after each experimental session. No artificial pupil was used.
Stimuli and apparatus
All test stimuli were generated using a Visual Stimulus Generator VSG2/3 (Cambridge Research Systems, Rochester, UK) on a gamma corrected high-resolution monitor (Sony 500PS). The monitor had a frame rate of 100 Hz, a pixel resolution of 1024 Â 768 and a screen size of 30 Â 40 cm 2 .
SWS acuity measurements
The SWS-cone pathway was isolated by selective chromatic adaptation. To find adaptation conditions appropriate for SWS-cone isolation we measured acuity at different eccentricities for blue sinusoidal grating stimuli on a steady blue monitor background, optically superimposed on an adapting yellow background, the luminance of which could be varied. Test stimuli were fairly narrow-band blue patches with the same mean luminance as their blue background (0.9 cd/m 2 , peak radiance 0.0002 Wm À2 sr À1 ), generated using only the blue gun of the monitor (see spectral output curve Fig. 1 ): no other filter was used for the stimulus. The luminance contrast of the blue gratings alone was 96%, still in the linear range of the monitor. Luminance and spectral measurements were made with a PR650 Spectrascan Spectra Colorimeter at the eye position. The temporal luminance distribution was a ramp with total stimulus duration of 1 s, including a rise and decay time of 0.3 s.
Detection and resolution acuities were measured in the fovea and at 10°and 25°in the nasal retina and 10°, 20°, 25°and 35°in the temporal retina (20°in the nasal retina was too near the blind spot for all subjects). The grating patch was circular and with diameter 2°, 4°, 5.4°, 6°and 10°at 0°, 10°, 20°, 25°and 35°eccentricity, respectively. The preliminary measurements showed that these patch sizes allowed at least 2-3 cycles to be displayed even at the lowest spatial frequencies used. If the number of grating cycles falls below two this significantly impairs performance (Anderson, Evans, & Thibos, 1996) . Fixation was maintained on the monitor using two small, closely spaced, vertically aligned black squares where the subject fixated the central gap. In any one session the monitor, fixation target and stimulus were all positioned to permit the appropriate retinal location to be tested. The retinal eccentricities were measured from the fixation target to the centre of the stimulus patch. At each location the previously determined peripheral refractive correction was positioned in line with the short-wavelength stimulus and modified subjectively using a maximum contrast procedure, in order to correct for chromatic differences of focus and cycloplegia caused by the mydriatic.
The adapting background apparatus was positioned at right angles to the monitor and principally consisted of a halogen projector with a long-wavelength pass yellow filter (OG530, half maximal absorption at 530 nm) positioned in front of the projector lens (see Fig. 1 ). The yellow light was projected through a white diffusing screen and, to minimise stray light, the projector and filter were contained within a box, which was light-tight except for the front end with the diffusing screen. The observer viewed the yellow background through a beam splitter, positioned in front of his/her face, angled at 45°. The yellow background covered approximately 40°of the observer's central field of view, significantly greater than that of the monitor at all times. The edges of the background were blurred to avoid improper accommodation. Background luminance was controlled using a series of flat spectrum neutral density filters placed in front of the projector lens, which enabled the luminance to be varied from 6-1000 cd/m 2 , again measured using a PR650 Spectrascan Spectra Colorimeter at the eye position. Background luminance was verified before the commencement of each session using an OptiCAL photometer (Cambridge Research Systems).
The contrast of the blue-on-yellow gratings seen via SWS-cones alone (SWS-cone contrast) was calculated in order to assess the effectiveness of our stimuli to the SWS-cone system. The radiance of the blue gun and the yellow background were measured in 4 nm steps, using the PR650 Spectrascan Spectra Colorimeter. The SWScone excitation due to the blue grating plus the yellow background was calculated as an integral of the product of the combined spectrum with Smith and Pokorny's Scone fundamental (Smith & Pokorny, 1975) . Michelson contrast was then obtained at different levels of the yellow background. The calculated SWS-cone contrasts are shown in Table 1 for the range of high yellow background luminances where the SWS-cone isolation was expected to occur. The luminance contrasts of the blue-on-yellow gratings were also shown for the same range of background luminances.
The subject sat in a darkened room and viewed the stimulus monocularly with the right eye (the left eye was patched). At the start of each session he/she adapted to the yellow background for at least 2 min. The viewing distance was 1.5 m for foveal measurements in order to faithfully present sufficiently high spatial frequencies on the monitor. Peripheral measurements were undertaken at 0.7 m.
Achromatic acuity measurements
Achromatic detection and resolution acuities were also measured at the same retinal locations with the yellow background light source switched off. Stimuli were sinusoidal gratings, generated on the same monitor, using the white D6500 phosphor and viewed through the same yellow (OG530) filter thereby appearing as black and yellow sinusoids on a yellow background. To remove edge effects at high frequency (not a problem for SWS measurements), gratings were presented in 2-D Gaussian windows and as before, had the same mean luminance as the background. These stimulus-background conditions were designed to favour the achromatic pathway (with a V k spectral sensitivity). To obtain comparable MWS-and LWS-cone excitation with that previously experienced by the SWS cones at high background intensity (255 cd/m 2 ), the background luminance for this yellow-on-yellow condition was fixed at 30 cd/m 2 . The cone excitations for MWS and LWS cones were calculated by integrating the spectra of the sources at the eye position with Smith and Pokorny's cone fundamentals; for the yellow-on-yellow condition the spectrum was multiplied by the sum of MWS-and LWS-cone fundamentals (V k curve), resulting in a choice of 30 cd/m 2 . For consistency, the grating contrast (75%) was determined to be close to the effective SWS-cone contrast as was present when using the SWS isolating gratings (see Table 1 ).
The foveal measurements were undertaken at 10 m and the peripheral measurements were undertaken at 3 m. The spread parameter of the Gaussian window, r was: 0.5°in the fovea and 1°, 1.5°, 2°and 2.5°at 10°, 20°, 25°and 35°in the periphery. Not less than six grating cycles were contained in 2r spatial spread of the Gaussian window, thus the effect of the stimulus size on the acuity should be negligible. 
Psychophysical procedure
The general procedure for measuring both detection and resolution acuity was a two-alternative forced choice (2AFC) procedure, using the staircase method. This procedure was the same for SWS acuity and achromatic acuity measurements.
Detection acuity was measured using a temporal 2AFC procedure. Each trial consisted of two temporal intervals marked by an audible tone and separated by 1 s. One of the intervals, randomly assigned, contained the grating stimulus and the other contained a uniform field with the same mean luminance. The subject had to indicate if the grating was presented in the first or second interval by pressing the appropriate button. The stimulus orientation was 135°oblique. Three correct responses resulted in an increase in spatial frequency and one incorrect response resulted in a decrease in spatial frequency. No feedback was given. The starting stimulus spatial frequency was determined to be slightly supra-threshold and changed in 0.8 dB steps. The threshold acuity was calculated as the mean of six reversal values. This procedure provided an estimation of the threshold corresponding to 79% correct responses. Three runs were performed in separate sessions for each stimulus configuration and averaged.
Resolution acuity was measured using a spatial 2AFC procedure. The grating was presented on each trial in one of two orientations (45°or 135°oblique). The subject had to indicate if the orientation of the grating, which was random and of equal probability, was to the right or to the left by pressing the appropriate button. Since acuity is identical for gratings oriented obliquely with respect to the fovea (Anderson et al., 1992; Rovamo, Virsu, Laurinen, & Hyvarinen, 1982) , the subject received no cue to orientation based on differences in stimulus visibility. Each interval was preceded by an audible tone. The same three-up, one-down staircase procedure was used. Threshold was calculated as the mean of six reversal values and, again, three runs were performed on separate sessions and averaged.
Each subject received practice prior to the data collection. These practice sessions serve to familiarise the subjects with the task and continued until the performance was found to be asymptotic. Fig. 2 show how detection and resolution acuity for the blue-on-yellow grating varies with the luminance of the adapting yellow background at horizontal retinal eccentricities from 0°to 35°along the temporal meridian and to 25°along the nasal meridian. The luminance was expressed in units of retinal illumination for pupil size of 8 mm. Data presented are for two of the subjects. In the fovea, when the yellow background luminance is low, detection and resolution acuity are identical and decline together as the luminance of the yellow background increases, for both subjects. After around 3.4 log Trolands (50 cd/m 2 ) there is a sharper decline (break) in both detection and resolution acuity, but especially for resolution acuity. After this decline, resolution acuity remains flat but significantly poorer than detection acuity.
Results
SWS acuity
Curves in
At 10°, the performance is qualitatively similar to the fovea but the decline is larger overall. Detection and resolution acuity again start at a high level and decline together slowly until around 3.4-3.6 log Trolands, after which they decline more sharply, with resolution acuity again falling faster than detection. The decline in resolution is somewhat greater temporally than nasally at 10°, but the resolution plateau begins at around 4 log Trolands (210 cd/m 2 ) for both. At 20°in the temporal retina the pattern is again very similar. Detection and resolution acuity decline together smoothly until around 3.8 log Trolands after which both decline more sharply with resolution falling faster. The resolution plateau again begins around 4 log Trolands.
At 25°eccentricity the pattern changes slightly. In the temporal retina, both subjects displayed a slight superiority of detection over resolution acuity throughout almost the whole range of background intensities, but significantly so at higher intensities. In the nasal retina at 25°, subject RSA displayed qualitatively similar performance to the temporal location, but with notably higher acuities. This is to be expected since this part of the retina possesses a visual streak displaying correspondingly higher acuity than any other location of the same eccentricity. Subject MBZ surprisingly displayed little or no superiority of detection acuity over resolution acuity throughout the intensity range until around 4.5 log Trolands.
Despite these eccentricity differences, the acuity vs. retinal illumination curves have essentially the same form at all retinal locations tested. The initial decline of acuity is related to the decrease of the grating contrast for MWS and LWS cones with the increase of the adapting yellow luminance. The flat portion of the curves is an indication that acuity is mediated by SWS cones, being almost unaffected by the yellow background. This point in the acuity vs. retinal illumination curves occurred at approximately the same luminance of the yellow background across the retina ($4 log Trolands). It should be noted that, at the same point, detection and resolution are significantly different. To confirm the observations in this range statistically, a two-way analysis of variance (ANOVA) with replication was conducted on the acuity values at each eccentricity, with task (detection vs. resolution) and luminance (levels of the yellow background) as factors. The analysis was performed separately for each subject. Only acuities from the flat portion of the curves were included in the analysis. The results of MBZ at 25°nasal retina were discarded. The analysis supported what is apparent from the results in Fig. 2 : the main effect of the task was significant at the 0.05 level for both RSA [F ð1; 12Þ P 9:2] and MBZ [F ð1; 12Þ P 17:3] at all locations. The effect of the yellow background luminance was not significant either for RSA [F ð2; 12Þ 6 1:9] or for MBZ [F ð4; 20Þ 6 1:8] . No significant interaction between factors was found.
Achromatic acuity
The achromatic detection and resolution values, measured for high contrast yellow-on-yellow gratings at each retinal location, are indicated in Fig. 2 by the two circular symbols drawn on each plot at 255 cd/m 2 , used to calculate the equivalent adapting background for the achromatic acuity measurements. It can be seen that, at all locations except the fovea, high contrast achromatic detection acuity is significantly higher (p < 0:05, paired t-test) than resolution acuity. All subjects reported the presence of aliasing except in the fovea. In the fovea, high contrast achromatic acuity is significantly higher than any of the values recorded using the SWS-system isolating set-up. However, in the peripheral locations the resolution values are not far above, and often the same as, the resolution values on the low intensity end of the acuity vs. intensity curves.
Discussion
While the stated goals of this study include both searching for a p À 1-type break and determining if SWS resolution performance is sampling limited, the evidence for the two is not entirely unrelated.
The fact that detection and resolution acuity are the same at low background intensities in all acuity vs. intensity plots, except 25°temporal, indicates that both tasks are contrast limited under low contrast conditions, in both the fovea and periphery. This agrees with previous studies of peripheral achromatic acuity which indicate that peripheral resolution acuity is only sampling limited above 10-20% contrast (Anderson, 1996a; Thibos, Still, & Bradley, 1996) : at the lowest adapting background used (2.5 log Trolands) luminance contrast was only 12%, but was high enough to be detected by the achromatic system. The subjective appearance of the grating was also reported as achromatic in this range by both observers. Beyond this range, detection and resolution acuity both decline more sharply, but reach a point where they begin to display different levels of performance; resolution acuity falls faster than detection, accompanied by the presence of an 'aliasing zone' which was clearly observed by both subjects during the experiment. This aliasing zone then persists all the way up to the highest adapting intensities. The superiority of detection acuity over resolution acuity and the presence of the aliasing zone indicate that resolution acuity switches from being contrast limited to sampling limited at higher background intensities. The 'break' that can be observed early on in the resolution versus intensity (rvi) curves not only indicates a switch in sensitivity from the achromatic to the SWS system (similar to a p À 1 break in effect) but implies an accompanying sharp decline in the density of responding retinal ganglion cells, and is strong evidence of the beginning of a transition from the high density achromatic system to the low density SWS chromatic system at virtually all retinal locations tested. From 4.1 to 4.7 log Trolands (lower in the fovea) the presence of a resolution 'plateau' at all locations indicates that the SWS-system is virtually insensitive to the yellow background, and is further evidence that resolution has switched from being contrast limited to being sampling limited, since the effective SWS-cone contrast changes from 76% to 44% with no corresponding decline in performance. (The achromatic system contrast ranges from 0.35% to 0.09% throughout the same region.) This SWS plateau zone is indicated by the darker greyshaded band on the right of each plot. The gratings in that zone appeared coloured with strong colour contrast. The higher detection acuity can be accounted for by the aliased grating components, clearly observed by all subjects as bright blue-yellow 'splotchy' patterns. These patterns often changed their appearance, but they were most often reported as coarse two-dimensional noise with no obvious orientation component.
While the data seem to indicate a point beyond which acuity is purely SWS driven, for all retinal locations tested there is still a 'transition zone' within which acuity changes from being achromatic to SWS driven (light grey shaded band). The subjective observations of the subjects also bear this out. When an experimental session was operating within the 'transition zone' the subject would regularly report that, when the trial spatial frequency was low, the grating appeared coloured, but when the spatial frequency became higher, the grating appearance changed to achromatic. Typically, as spatial frequency increased, a grating would initially look coloured and veridical, would then begin to alias, and would then change again to give the appearance of a higher frequency veridical achromatic grating with an aliased chromatic grating superimposed. As spatial frequency went higher still, the aliased chromatic component would disappear leaving only the achromatic grating. This sequence of events was more likely to be observed at greater eccentricities. Thus, it seemed that both the chromatic and achromatic systems could operate independently within the same intensity region but were differently sensitive to different spatial frequencies. The occasional simultaneous perception of two patterns--one low contrast, achromatic and veridical and the other higher contrast, chromatic and aliased with a coarser spatial scale, seems to indicate that the brain cannot decide which pattern is a true representation of the original image. As a result, the percept is one of two completely independent superimposed images. This situation has close similarities to the Brewster's Colours illusion, perceived in foveal vision when chromatic patterns appear on top of a high frequency black-and-white grating. This was explained by Williams, Sekiguchi, Haake, Brainard, and Packer (1991) as incorrect recombination, at higher levels, of the three undersampled inputs from the different interleaved cone mosaics.
Others factors affecting performance
(a) Optical factors. Large fixed pupil sizes were employed, both to facilitate higher retinal illumination levels and to permit accurate calculation of the same from session to session. While we expect a larger pupil to result in lower image quality, this would only affect detection acuity, resulting in a narrower aliasing zone than under natural pupil conditions (Williams et al., 1996) .
As a further confirmation of sampling (rather than optically) limited performance, we briefly measured resolution performance within the plateau region after introducing varying degrees of optical blur. We found that, for defocus of up to 1 dioptre in the fovea and 3 dioptres in the periphery, resolution performance remained unchanged.
(b) Observer criterion. Previous research (He & MacLeod, 1996; Williams & Coletta, 1987) found that it is often still possible to identify grating orientation even for aliased stimuli, meaning that the resolution values, even in a sampling-limited task, may slightly over-estimate the Nyquist limit and, again, result in a narrower aliasing zone. We observed, however, that the transition from a blue-yellow grating which was clearly veridical and unaliased, to one which was completely unidentifiable, was quite sharp. We confirmed this by measuring resolution performance in the SWS-cone plateau at 25°u sing a method of limits where the subject was required to set the spatial frequency so that any aliasing just disappeared and the percept was completely veridical. The threshold was only slightly different from forced choice (0.39 c/d, method of limits vs. 0.48 c/deg, forcechoice method).
Comparison with morphological data
The upper part of Fig. 3 is a plot of the high contrast achromatic resolution values at each eccentricity. We calculated the expected achromatic resolution values based on Dacey's (1993b) anatomical counts of midget ganglion cell density at the same locations. The calculation used Drasdo and Fowler's (1974) non-linear conversion to relate millimetres of retina to degrees of visual angle, and took the form MAR ¼ 1= p density (assuming a square array). It can be seen that the measured values of high contrast achromatic resolution acuity agree closely with the estimated resolution based the ganglion cell counts of Dacey; this sort of psychophysical/anatomical agreement for achromatic gratings has been displayed before (Anderson, 1996a,b; Anderson et al., 1992; Anderson, Drasdo, & Thompson, 1995; .
Since resolution performance within the 'SWS zone' displays every sign of being sampling-limited along this plateau, we decided to also compare these resolution values with what is known about the sampling density of the underlying blue-yellow ganglion cells believed to be the small bistratified ganglion cell population (Dacey, 1993a (Dacey, , 1994 Dacey & Lee, 1994) . We averaged the SWS resolution plateau data points at each location (for subjects RSA and MBZ) and plotted them against eccentricity, along with the resolution values measured at 4.5 log Trolands for subject NAV. We then calculated the expected SWS resolution values based on Dacey's (1993a) anatomical estimates of small bistratified ganglion cell density at the same locations using the same procedure as above. The data are displayed in the lower part of Fig. 3 . It can be seen that the measured values of SWS resolution acuity are fairly close to the predicted resolution based on Dacey's estimates of small bistratified retinal ganglion cell density. However, it should be noted that Dacey's estimates are based on very small numbers of cells up to 20°, and beyond that small bistratified density is based on an assumption of constant coverage and, as Dacey recommends, should only be considered as provisional. In addition, while there is known to be considerable inter-individual variation in total ganglion cell number there is likely to be considerable inter-individual variation in the numbers of blueyellow ganglion cells. From Fig. 3 it is also obvious that predicted performance based on blue-cone density counts (Curcio et al., 1991) is very different from measured psychophysical performance for SWS-isolating gratings and declines less steeply with eccentricity, indicating increased convergence from cones to ganglion cells. This is further evidence that SWS-driven resolution is sampling-limited by the small bistratified subgroup of the ganglion cell population. Also plotted (thicker grey lines) is the expected resolution based on anatomical counts of small bistratified ganglion cell density and midget ganglion cell density (Dacey) and blue cone density (Curcio) at each location.
